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We report muon spin rotation/relaxation (LSR ) measurements of the heavy fermion superconductors UBe,; and UPt;. In both
materials we find that the muon Knight shift is unchanged in the superconducting state, consistent with odd-parity pairing (such
as p-wave ). The magnetic field penetration depths in UPt; and UBe,; are extremely long, greater than 10000 A. We find no

evidence of a magnetic transition in UBe,; below 10 K.

Heavy fermion (HF) systems, materials where the
conduction electrons have extremely large effective
masses m* (as exhibited in such properties as the
electronic specific heat y and the cyclotron mass)
have been the subject of numerous investigations *',
Measurements of ultrasonic attenuation [2], mag-
netic field penetration depth [3], neutron scattering
[4], NMR Knight shift [5,6] and specific heat [7]
have provided evidence that the superconducting
pairing in UBe,; and UPt; may be other than s-wave
(/=0). The static spin susceptibility and the mag-
netic field penetration depth are two properties of
the host system which reflect the symmetry of the
superconducting state. Positive muon spin rotation/
relaxation (uSR), through measurements of the

' Present address: Riken 2-1 Hirosawa, Wako-shi, Saitima 351-

01, Japan,
#! For a review of heavy fermion systems, see ref. [1].

Elsevier Science Publishers B.V. (North-Holland)

muon Knight shift and the transverse field muon spin
relaxation rate is a sensitive probe of these properties.

In an even-parity (such as s-wave) superconduc-
tor, the electrons are paired in states with opposite
spin. Thus, the susceptibility of the pair is zero. Only
states excited above the superconducting gap con-
tribute to the spin susceptibility which falls from its
normal state value to zero at T=0. The spin suscep-
tibility ysc of an s-wave BCS superconductor is given
in terms of the Yosida function Y(T') as ysc=x.Y(T)
where x, is the normal state susceptibility. In real
systems, spin-orbit scattering from surfaces or im-
purities can cause a reduction of this change in the
susceptibility [8]. Two examples of triplet-paired
states are the ABM and BW states (by analogy with
superfluid *He). As a result of the different pairing
symmetry, the susceptibility of these states are
XaBm=2Xa and Ypw=Xa[3+1Y(T)]. In either case,
the spin susceptibility differs markedly from that of
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a spin singlet superconductor; measurement of y al-
lows one to distinguish different pairing symmetries.

In a uSR experiment [9], muons are implanted
one at a time and a histogram of muon-decay pos-
itrons is obtained as a function of the time after the
muon arrival. The number of detected positrons is

N(t)=Ny{B+e "™[1-A4,2(1)]}, (1)

where B is a time-independent background, 1,=2.2
us is the muon lifetime, 4y~ 0.3 is the initial asym-
metry and £ (¢) is the muon polarization in the di-
rection of the detector. In transverse field experi-
ments, the polarization function is 2 () =G, (¢)
xcos[w,(?)+¢] where w,=y,Bis (7, is the muon
gyromagnetic ratio and B, is the local field expe-
rienced by the muon ). The relaxation function G, (¢)
is typically approximated by a Gaussian
(Gu(t)=exp(—a?t?/2)).

The flux lattice in the mixed state of a type-II su-
perconductor provides an inhomogeneity AB in the
magnetic field throughout the sample which (in high
fields) is inversely proportional to the square of the
penetration depth [10]. Since the relaxation rate o
is proportional to the field inhomogeneity, measure-
ment of ¢ allows one to determine the penetration
depth (goc 1/4?). The temperature dependence of the
magnetic field penetration depth A(7") also provides
information about the pairing symmetry. If there are
no nodes in the gap, the penetration depth will show
little temperature dependence as 7—-0. If there are
zeroes in the gap however, thermal pair-breaking will
give a power law temperature dependence in the
penetration depth at low temperatures [3].

The experiments were performed on the M15 sur-
face muon channel at TRIUMF which provides a
nearly 100% spin polarized beam of positive muons.
The UPt; sample was a mosaic of pieces 3 mm in
diameter and 0.35 mm thick, cut from a single crys-
tal using spark erosion. It was mounted with the ¢é-
axis along the direction of the muon beam, and along
the direction of the main applied field. The poly-
crystalline UBe, 5 sample was approximately 1 cm in
diameter and 2 mm thick. Both samples were glued
to a pure silver backing attached to the copper sam-
ple holder of an Oxford Instruments model 400 top-
loading dilution refrigerator. All of the measure-
ments below T, were made following field cooling,
except where noted.
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In HF materials, the Knight shift is large because
of the large Pauli-like susceptibility of the heavy
electrons. The local field B, is different from the
applied field, with the difference being proportional
to the applied field (since K,ocx). Fourier trans-
forms of high transverse field ( ~4 kG) data taken
in UPt, (and UBe,; discussed later) exhibit two sig-
nals, one from the sample and a smaller amplitude
one from the silver backing. Since silver has a small,
temperature-independent Knight shift, it provides
an internal reference for the sample Knight shift. We
find that the frequency shift (comprised of the Knight
shift, Lorentz and demagnetizing shifts and a super-
conducting diamagnetic shift below T,) of the UPt,
signal is proportional to the applied field. Measure-
ments at higher temperatures (7<250 K), show that
the Knight shift, measured with the field along the
¢é-axis is proportional to the bulk susceptibility y, also
measured with the field along the é-axis (and is not
proportional to the susceptibility in the basal plane).
This frequency shift at low temperatures (shown in
fig. la), is temperature independent and in partic-
ular, there is no change below 7.. Just above T, the
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Fig. 1. Transverse field muon spin relaxation rate in UPt;, mea-
sured in applied field H., = 3.9 kG (filled circles) and H.,,= 150
G (open circles). Inset shows field dependence of difference (Ag)
between relaxation as 70 and at 7> T, (subtracted in quadra-
ture ). Lower portion of figure shows temperature dependence of
the muon frequency shift. Lorentz and demagnetizing fields con-
tribute about —0.12% of shift (determined in the normal state).
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total shift is about —0.3%, Lorentz and demagne-
tizing fields (which, like the Knight shift are pro-
portional to the spin susceptibility ) contribute about
—0.12% to this shift. The superconducting diamag-
netic contribution to the frequency shift
(4nxy(1—n)) is extremely small, since the demag-
netizing factor n is quite close to 1 in our geometry
and y4 is small in high fields.

We have measured the transverse field relaxation
rate (o(7)) going from the normal to the supercon-
ducting states as a function of external field for sev-
eral fields H||¢, up to 3.9 kG. At 3.9 kG (filled circles
in fig. 1), there is at most an extremely small in-
crease in the relaxation below 7.~0.4 K. After sub-
tracting the temperature-independent background,
we find ¢(0) <0.06 ps~!, corresponding to a pene-
tration depth A(0) > 11000 A.

Broholm et al. have reported transverse field pSR
measurements [11] of UPt, in external fields some-
what less than 200 G. They extracted a low temper-
ature penetration depth on the order of 8000 A and
discussed its temperature/orientation dependence in
terms of d-wave superconductivity. Our results,
measured in similarly low fields, are qualitatively
consistent with those previously reported. With in-
creasing field however, we find that the magnitude
of the low temperature relaxation decreases (illus-
trated in the upper portion of fig. 1). The relaxation
rate has not become field independent even by 3.9
kG as shown in the inset of fig. 1. A key result of the
theory for extracting the penetration depth in the
mixed state is that the field inhomogeneity AB should
be independent of the field in a wide range of fields
between H,, and H., [10]. If the measured inhomo-
geneity is field dependent it generally implies that
the measured relaxation does not accurately reflect
the penetration depth. In this case, the value of 11000
A can only serve as a lower bound on the penetration
depth which may in fact be much longer.

There are several possible sources of increased re-
laxation in low fields. One of these is flux pinning,
acting to prevent the formation of a uniform flux lat-
tice. This is plausible, in view of the greatly en-
hanced relaxation observed in zero field cooled
measurements (with H.,=3.9 kG), which is char-
acteristic of strong flux pinning. Shape-dependent
inhomogeneities in the demagnetization factor can
also provide broadening of the local field, roughly
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proportional to the sample magnetization (—4nM),
which decreases with increasing field above the lower
critical field H_,**.

Several experiments (see for example ref. [14])
have detected an anomaly in UPt; around H=12 kG
(for B||¢). It has been suggested that such an anom-
aly may indicate a possible phase boundary between
different superconducting states above and below this
field. There is a possibility that this feature may be
related to our observed field dependence in the re-
laxation rate. It is, however, not possible to assess
the feasibility or magnitude of this effect, due to a
lack of theoretical understanding of the supercon-
ducting states in UPt;. Since the boundary to the
normal state is at much higher field (H.,(0)~2 T),
in general, we do not expect much change in the in-
trinsic penetration depth with the field H.,,<4 kG.

UBe,; also possesses a large Knight shift, giving a
frequency shift of —0.27% just abéve T.. Lorentz and
demagnetizing fields contribute —0.09% to this shift.
In 3.5 kG, we see that the frequency shift (shown in
fig. 2) decreases slightly below 7. This corresponds
to a change in the local field at the muon site of about
1 G. This increase in frequency however occurs with
the same absolute value Byo.(T—0) —Byoo (T~ T,) ~ |
G over the range 50 G<H,,,<3.5 kG, independent
of H,, (see inset of fig. 2). After removing the field-
independent frequency shift, we see that the Knight
shift itself is essentially the same in the supercon-
ducting and normal states.

We note that the positive change in the precession
frequency even in fields as small as 50 or 100 G,
means that the local field at the muon site is actually
significantly /arger than in the normal state at these
low fields. The source of this small additional field
is not yet understood, although it is clearly corre-
lated with the superconductivity of this system (since
it appears at T.). Previous high field uSR measure-
ments of Heffner et al. [15] observed a larger fre-

2 Shivaram et al. [12] and de Visser et al. [13] measured
H ~150-200 G in UPt; using rf field penetration and dc-
magnetization techniques respectively. Typically B., > 5H,, is
necessary to ensure a uniform flux lattice. If their techniques
give correct values for H, then 200 G is clearly inadequate
for determining A(7T). However, thermodynamic arguments
give values for H,, of several gauss. In an applied field of only.
20 G we do not observe any flux expulsion. This is consistent
with either strong flux pinning or a small H,,.

175



Volume 157, number 2,3

0.0 T T T
o 15
S =
~— o
JLoor ? ¢
= =01 r @ [ 1
= | ]
n ey 0.5
3 )
5 = o s
5 g2 - 0 1 2 3 4
S Hea (KG)
j -
b po® @ g [ w
[ © »
Hext=3.5kG p D
__03 i L H
0 0.5 1.0 1.5 2.0

Temperature (K)

Fig. 2. Muon frequency shift in UBe,;, measured in H,,,= 3.5 kG.
Inset shows that the magnitude of frequency shift is largely in-
dependent of the applied field, meaning that it does not reflect
the spin susceptibility. The Knight shift itself is essentially un-
changed in the superconducting state. Lorentz and demagnetiz-
ing fields contribute about —0.09% to the shift (determined in
the normal state ).
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Fig. 3. Muon spin relaxation rate in UBe,;, measured in a trans-
verse field of 3.5 kG (circles), and zero field (squares). The ab-
sence of an increase in the transverse field relaxation below 7,
indicates that the penetration depth is greater than 10000 A. The
temperature independence of the zero field relaxation means that
the local field at the muon site due to possible magnetic order
must be less than 0.5 G.

quency shift than we report. We do not fully under-
stand the origin of the difference; the different
geometry (giving n~0.15 versus n~0.8 in our mea-
surements) might contribute to the difference. We
note that zero field measurements (see fig. 3) show
no change above and below T, indicating the extra
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local field does not result from static magnetic order.

Results of high transverse field (4 kG) relaxation
rate measurements above and below the supercon-
ducting transition temperature 7.=0.9 K are shown
in fig. 3. The absence of any increase below T, in-
dicates that the penetration depth is greater than
10000 A in UBe,;.

Recent magnetostriction results [16] have indi-
cated that a transition, which was assumed to be to
an antiferromagnetic state occurs in pure UBe,; with
T,=8.8 K. The sensitivity of uSR to ordering with
very small moments has been demonstrated in UPt,
[17] (#~0.001ug) CeCu,Si, [18] and URu,Si,
[19,20] (u=0.03ug) which all have coexisting su-
perconducting and magnetically ordered ground
states. We have performed both zero and transverse
field uSR measurements in UBe,; in the tempera-
ture range 20 mK <7< 10 K. The absence of any
change in the relaxation rates with temperature im-
plies that the local field from magnetic order below
10 K at the muon site must be smaller than 0.5 G.
Except for the unlikely possibility that the muon oc-
cupies a site in UBe, ; where the local field is zero by
symmetry, this result shows that there is no magnetic
order within our sensitivity.

Both UPt; and UBe;; have muon Knight shifts
which are unchanged from the normal to supercon-
ducting states. These results are in agreement with
195pt, “Be NMR [6,5] measurements of powdered
samples as well as induced moment form factor mea-
surements [4] using single crystals. Qur new results
for UBe,; have removed the inconsistency between
uSR and these other techniques for the spin suscep-
tibility. The observation of a temperature indepen-
dent Knight shift is consistent with odd-parity (most
likely p-wave ) pairing. If the Knight shift was purely
of orbital origin, we would not expect any effect be-
low T.. However we expect that there should be a
large Pauli spin susceptibility in these materials in
view of the large effective masses. In addition, the
ratios of the susceptibility to the specific heat coef-
ficient x/y are close to those of simple metals, as
would be expected for a Fermi liquid, arguing against
a purely orbital susceptibility. More theoretical and
experimental work will be required to reconcile this
result with the prevailing picture of d-wave (even
parity) pairing in UPt;.

Although it is possible for spin—orbit scattering to
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reduce the change in the Knight shift we would argue
that this is not the case for these measurements. The
mean free path in UPt; is greater than 1000 A [21]
which puts this material clearly in the clean limit.
The use of powder samples in NMR measurements
has led to suggestions of surface scattering; since uSR
experiments do not require rf sample penetration,
bulk samples are used, which should avoid signifi-
cant surface scattering.

In both compounds we find that the penetration
depths are in excess of 10000 A. Flux confinement
measurements [22] of the penetration depth have
given a value of 110002000 A and 19000+ 2000
A for the low temperature value A(0) for UBe,; and
UPt;, respectively, which are consistent with the
limits we can set with uSR. The penetration depth
is given in terms of the carrier density and the carrier
effective mass (1>=m*c?/4nne?). Effective masses
are large in these systems (for example the cyclotron
effective mass m.=25-90m, in UPt; [21]) and so
we expect that the penetration depths should be long
in heavy fermion systems. Indeed, we have obtained
shorter values for 4 in systems with lighter effective
masses such as URu,Si, (8600 A) [20] and UgFe
(3200 A) [20]. Since the low field relaxation in UPt,
most likely does not directly reflect the penetration
depth, we cannot discuss its temperature/orienta-
tion dependence as evidence for any particular pair-
ing symmetry.
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